Classical masking aperture methods are found to be mostly inaccurate to determine the terahertz beam size in terahertz time-domain spectroscopy (TDS) experiments, owing to complex diffraction effects. Here, we present a simple and reliable method for measuring beam waists in terahertz TDS. It is based on the successive diffraction by an opaque disk followed by a small circular aperture. © 2010 Optical Society of America OCIS codes: 140.3295, 300.6495, 050.1940 The terahertz range has become a popular domain in spectroscopy and imaging, mostly using single-cycle electromagnetic pulses and time-domain spectroscopy (TDS) [1] [2] [3] [4] [5] [6] . As a result of the increasing importance of this technique, much interest has been applied to characterizing the terahertz beams: divergence, spatial or frequency modes, and polarization. Furthermore, the precise determination of the terahertz beam waist size and divergence is also fundamental for spectroscopy of inhomogeneous media (small samples [7] , anisotropic samples, arrays of subwavelength apertures [8]) as well as for waveguide injection [9] . Cameras are still very challenging in the terahertz domain, and moving the detector in the plane of measurement is not easily achieved in TDS experiments [10] . In the visible or IR domains, circular apertures or moving slits are commonly used to determine the beam waists, using the overlap between the blocking screen and the laser beam [11] . However, in the terahertz domain, the role of diffraction has to be precisely studied, since the wavelength of the terahertz beams is much longer than in the visible, and diffraction could alter the measurements by the screens. Here, we show that diffraction plays a major role and that the classical circular aperture technique should not be used. Instead, we designed a simple and reliable method using circular apertures and disks, and we present experimental measurements. We consider here a typical TDS system [2] . Both emitter and detector are considered to be fixed. Owing to the strong diffraction in the terahertz domain, only part of the emitted electromagnetic field is detected. This is in general not an issue for spectroscopy measurements, since the linear response of the TDS system can be subtracted from the sample measurements. But it is not true anymore when a diffracting object is put in the beam. First, the question of diffraction by a circular aperture can easily be addressed with the help of Fresnel's number N =4a 2 / d, where a is the radius of the aperture, is the wavelength, and d is the distance between the aperture and the plane of observation. The Fraunhofer (far-field) domain is achieved for N ӷ 1, whereas the Fresnel (near-field) domain is valid for N Ӷ 1. Typical TDS systems encounter values of N near unity [2] . As a consequence, (i) diffraction plays a major role, (ii) no domain approximations are allowed, and (iii) strong diffraction patterns are expected to take place after the apertures and through the detector. For symmetry reasons, we consider here circular diffracting apertures or disks. We assume a Gaussian beam profile as E 0 ͑r͒ = E 0 exp͑−r 2 / w 2 ͒, where r is the axial polar coordinate and w is the beam waist. Ideally, if the whole electromagnetic field transmitted through the aperture is collected by the detector (i.e., without diffraction losses), one would obtain a normalized integrated signal S͑a͒ = ͓1 − exp͑−a 2 / w 2 ͔͒ 2 . The radius at half-maximum R 1/2 is then defined as S͑R ͑1/2͒ ͒ =1/2 and would be proportional to the waist as R ͑1/2͒ = ͱ ln͓ͱ2/͑ͱ2 − 1͔͒w Ϸ 1.108w.
The terahertz range has become a popular domain in spectroscopy and imaging, mostly using single-cycle electromagnetic pulses and time-domain spectroscopy (TDS) [1] [2] [3] [4] [5] [6] . As a result of the increasing importance of this technique, much interest has been applied to characterizing the terahertz beams: divergence, spatial or frequency modes, and polarization. Furthermore, the precise determination of the terahertz beam waist size and divergence is also fundamental for spectroscopy of inhomogeneous media (small samples [7] , anisotropic samples, arrays of subwavelength apertures [8] ) as well as for waveguide injection [9] . Cameras are still very challenging in the terahertz domain, and moving the detector in the plane of measurement is not easily achieved in TDS experiments [10] . In the visible or IR domains, circular apertures or moving slits are commonly used to determine the beam waists, using the overlap between the blocking screen and the laser beam [11] . However, in the terahertz domain, the role of diffraction has to be precisely studied, since the wavelength of the terahertz beams is much longer than in the visible, and diffraction could alter the measurements by the screens. Here, we show that diffraction plays a major role and that the classical circular aperture technique should not be used. Instead, we designed a simple and reliable method using circular apertures and disks, and we present experimental measurements.
We consider here a typical TDS system [2] . Both emitter and detector are considered to be fixed. Owing to the strong diffraction in the terahertz domain, only part of the emitted electromagnetic field is detected. This is in general not an issue for spectroscopy measurements, since the linear response of the TDS system can be subtracted from the sample measurements. But it is not true anymore when a diffracting object is put in the beam. First, the question of diffraction by a circular aperture can easily be addressed with the help of Fresnel's number N =4a 2 / d, where a is the radius of the aperture, is the wavelength, and d is the distance between the aperture and the plane of observation. The Fraunhofer (far-field) domain is achieved for N ӷ 1, whereas the Fresnel (near-field) domain is valid for N Ӷ 1. Typical TDS systems encounter values of N near unity [2] . As a consequence, (i) diffraction plays a major role, (ii) no domain approximations are allowed, and (iii) strong diffraction patterns are expected to take place after the apertures and through the detector. For symmetry reasons, we consider here circular diffracting apertures or disks. We assume a Gaussian beam profile as E 0 ͑r͒ = E 0 exp͑−r 2 / w 2 ͒, where r is the axial polar coordinate and w is the beam waist. Ideally, if the whole electromagnetic field transmitted through the aperture is collected by the detector (i.e., without diffraction losses), one would obtain a normalized integrated signal S͑a͒ = ͓1 − exp͑−a 2 / w 2 ͔͒ 2 . The radius at half-maximum R 1/2 is then defined as S͑R ͑1/2͒ ͒ =1/2 and would be proportional to the waist as
͑1͒
The full calculations, taking diffraction losses into account, are conducted with Huygens' diffraction equation [12] ,
where E 0 ͑͒ is the electric field at the plane of the circular screen supposed infinitely thin, E͑r͒ is the electric field at the distance d from the screen, and J 0 is the Bessel function of first kind. For complete simulation, the angular response of the detection, which merges the collection optics and the detector itself, is required. Since it is very difficult to precisely establish this angular response, it is fundamental that the experimental techniques are independent of the angular response of the detection. In our calculations, we assume a constant response of the detection up to the angle max , and zero above, and we integrate the amplitude of the electric field. Then, the goal is to find experimental techniques that are independent of max . The general measurement setup is found in the inset of Fig. 1 . The radius of the first screen (aperture or disk) is R 1 , and second aperture, of radius R 2 , is introduced to take into account the optics (paraboloid mirror or lens) that partially collect the terahertz beam to the detector.
The calculations for the classical circular aperture masking technique are the black solid curves shown in Figs. 1 and 2 . The aperture is positioned at equal distance between the two paraboloid mirrors. First, R ͑1/2͒ strongly depends on the wavelength (Fig. 1) owing to diffraction, in comparison to the expected value without diffraction [see Eq. (1)]. The observed modulations originate from the diffraction patterns at the second aperture and strongly affect the measurement. To deal with this problem, we reduced the size of the second aperture by adding a small circular aperture just in front of the focusing optics. In the ideal case of a very tiny aperture compared with the wavelength, one would observe a constant spherical diffraction pattern than is independent of max . Calculations of R ͑1/2͒ versus w are presented in Fig. 3 (black lines) and show unexpected saturationlike behavior. As a consequence, it is not possible to precisely determine the beam waist from R ͑1/2͒ measurements, since the uncertainty strongly increases at larger beam waists. Therefore, to thwart the diffraction, another strategy was considered. We replaced the first aperture by a solid disk. The new calculations are presented in Fig. 3 [gray (red online) lines] . The relationship between R ͑1/2͒ and w is now almost linear and allows a precise determination of the beam waist. This strategy is also found to be almost independent of max as seen in Fig. 2 (dotted line) with a small second aperture, to be compared with a large second aperture (Fig. 2, dashed line) .
Experimental measurements have been performed in two geometries. In the first one, the terahertz beam is focused in the middle of two paraboloid mirrors [13] , in a 2f -2f geometry, where the distance between the emitter and the first paraboloid mirror is twice the focal length f of the mirror ͑2f͒ as well as the distance between the second paraboloid mirror and the detector ͑2f͒, and the distance between the two paraboloid mirrors is 4f. In the second one, the terahertz beam is quasi-collimated between the mirrors in a f -ϱ geometry [2] . Several disks of various radius ranging from 1 to 15 mm have been used. The disks were punched out of aluminum foil and glued at the center of a 10-m-thick cellophane film. This film was found to have no influence on the propagation of the terahertz radiation, and it was tightened on a rigid frame. A small circular aperture was positioned in front of the last paraboloid mirror. Transmission spectra for the different disks have been recorded by TDS [13] . The radius at half-maximum R ͑1/2͒ is then extracted from the measured spectra by cubic interpolation. Results can be found in Fig. 4 , for 2f -2f geometry [(a), solid line] and f -ϱ geometry [(b), solid line]. Using relationships similar to the ones calculated in Fig. 3 [gray (red online) red lines], we determined the corresponding beam waists versus frequency for the two geometries. Results are shown in Fig. 4 (dots) . In the 2f -2f geometry [ Fig. 4(a) ], one observes that the measured beam waist is almost independent of the frequency at the exception of an increase at smaller frequencies. This is expected from 2f -2f geometries, which are supposed to focus all the frequency components at the same point, except when diffraction is too strong [14] . It should be noted that the measured R ͑1/2͒ shows different behavior with an apparent stronger frequency dependence, owing to diffraction artifacts during measurement. Experimental results for the f -ϱ geometry [ Fig. 4(b) ] show more complicated waist dependence with the frequency, probably owing to residual aberrations of the TDS setup.
As a conclusion, we demonstrated that diffraction plays a major role in the measurement of terahertz beam waist size using classical circular masking apertures in a TDS setup, and that the recovery of the beam waist may be very complicated. We present a simple and reliable technique using blocking disks and small apertures to overcome these difficulties. This technique is found independent of the angular response of the detection, and the relationships between the measured quantities and the beam waists allow a precise extraction of the data. Applied at several positions in the TDS setup, this technique could also provide the divergence of the terahertz beam.
